Objective: To assess the value of fusion imaging with three-dimensional (3D) constructive interference in steady-state (CISS) sequence magnetic resonance (MR) imaging and modified 3D time of flight (TOF) MR angiography (MRA) in the visualization of possible offending vessels in patients with neurovascular compression. Methods: Pre-operative MR images of 15 consecutive patients who underwent surgical microvascular decompression for unilateral trigeminal neuralgia or hemifacial spasm were retrospectively collected. All patients were examined with 3D CISS sequence magnetic resonance (MR) imaging and 3D TOF MRA, and images were imported to OsiriX MD imaging software. The 3D TOF MR images were modified to exaggerate the arteries and fused with the 3D CISS MR images. We matched the images with intra-operative findings and post-operatively compared the offender prediction value between conventional MR images and fused MR images. Results: Fused images showed spatial relationships between arterial vessels and nerves more clearly than conventional images. Of the 15 patients in the study, 11 cases (73.3%) were found identical to the prediction by using fused MR images. The fused images revealed a secondary possible candidate offender, and 5 cases were predicted to have another possible offender. Furthermore, 3 cases could be predicted by fused MR images, whereas not detected by conventional images.
INTRODUCTION
Pre-operative anatomic evaluation with magnetic resonance (MR) imaging is widely done to precisely assess neurovascular relationships. Optimal images for evaluation of neurovascular relationships include high-resolution three-dimensional (3D) MR angiography (MRA) sequences, such as 3D time of flight (TOF) MRA, which allow visualization of small vessels, and high-resolution heavily T2 weighted image (T2-WI) 3D sequences with a very high cerebralspinal fluid (CSF) tissue contrast, such as 3D constructive interference in steady-state (CISS) sequence MR imaging [1] [2] [3] [7] [8] [9] 11, 12) . Fused images derived from these two techniques can yield numerous benefits. Both the vessels and the cranial nerve are visualized with superior clarity using the image-fusion technique, and locating contact between the vessel wall and nerve can be more accurately pinpointed.
The purpose of this study is to compare the diagnostic value of the image-fusion technique with conventional MR imaging in patients with trigeminal neuralgia (TN) or hemifacial spasm (HFS) and investigate the efficacy of the image-fusion technique.
MATERIALS AND METHODS

Patients
Fifteen consecutive patients who underwent microvascular decompression (MVD) surgery between July 2011 and October 2015 for unilateral TN or HFS at the Chung-Ang University Hospital were included in the study. Clinical records and pre-operative MR images were retrospectively collected and reviewed for all patients.
MR Imaging
All patients included in the study were examined with a 1.5-T scanner (Magnetom Avanto; Siemens Healthcare, Erlangen, Germany), which used a body coil with contrast medium. Both 3D CISS and 3D TOF images were scanned by axial section. The centers of the slabs were in the same position for both sequences.
Image Fusion
Image fusion was performed on an Apple Macintosh iMac running OS X and OsiriX MD (Version 7.0, Pixmeo, Bernex, Switzerland) imaging software. The 3D TOF images were modified to exaggerate the arteries. Using OsiriX MD imaging software, the Color Look Up Table ( CLUT) was changed to VR red vessels. Secondarily, window level (WL) value was increased from 290 to 430 and window width (WW) value is decreased from 470 to 200. Finally, the modified 3D TOF images were fused with the 3D CISS images (Fig. 1 ).
Surgical Treatment
All patients included in the study underwent MVD surgery. For each patient, MVD via a retro-sigmoid approach with exploration of the root entry zone (REZ) of the affected nerve was performed.
Evaluation of Neurovascular Compression
Post-operatively, the fused images and conventional MR images were separately compared with the video-documented intra-operative microscopic findings, with special attention paid to the identity and nature of the offending vessel. To avoid prejudice, the images were matched and then reviewed by two different neurosurgeons who were blind to patients' symptoms. During a two-weeks interval, both images were cross-checked, and concordant results were compared.
RESULTS
Demographic Data
Of the 15 patients included in the study, 10 were men (66.7%) and 5 were women (33.3%). The mean patient age was 53 years, with ages ranging from 33 to 67. Seven patients (46.7%) reported symptoms on the right side and 8 patients (53.3%) reported symptoms on the left side (Table 1 ).
Conventional MR Imaging Data
Conventional MR images were reviewed. For the 15 patients in the study, the causative vessels identified were the posterior inferior cerebellar artery (PICA; 5 patients), the anterior inferior cerebellar artery (AICA; 2 patients), the vein (2 patients) and the vertebral artery (VA; 1 patient). In 1 patient, both the AICA and the PICA were predicted as the offender, and in 1 patient both the AICA and the VA were predicted as the offender. In 2 patients, the offenders were detected but the origins of the vessels were undefined, and in 1 patient no causative vessel contact was found in the MR image (Table 2 ).
Image Fusion Data
The MR images for all 15 patients were successfully fused using OsiriX MD imaging software. After image processing, the spatial relationships between the vessels and nerves were evaluated in each case. Of the 15 patients in the study, the causative vessels were identified as the PICA in 4 patients, the AICA in 1 patient, the VA in 1 patient and the small REZ artery in 1 patient. In 2 patients, both the PICA and the VA were predicted as offenders; in 1 patient, both the AICA and the PICA were predicted as offenders; in 1 patient, both the AICA and the VA were predicted as offenders; and in 1 patient, both the PICA and the small REZ artery were predicted as offenders. In 3 patients, the offenders were detected but the origins of the vessels were undefined (Table 2 ).
Surgical Data
Of the 15 patients predicted to have neurovascular compression, all patients were found to have compression by an arterial or venous structure in the operative view. The causative vessels for neurovascular compression were intra-operatively found and identified as the PICA in 5 patients, the AICA in 4 patients, the VA in 2 patients, the small REZ artery in 2 patients, the superior cerebellar artery (SCA) in 1 patient and the vein in 1 patient (Table 2 ).
Predictive Value
The predictive values between the two images were different.
Of the 15 patients predicted to have neurovascular compression, 9 cases (60.0%) were predicted by conventional images. In contrast, 11 cases (73.3%) were found identical with the prediction using fused MR images. And, among them, 7 cases Fig. 2 . Intra-operative neuro-monitoring showing lateral spread response (LSR) change. After performing microvascular decompression of the expected offending vessel, LSR persisted. As a result of further exploration, a small offender vessel was found, consistent with the fused image. The LSR disappeared after decompressing the small vessel. Fig. 3 . Intra-operative microscopic views and fused images for the illustrative case. The right facial nerve was compressed by the right posterior inferior cerebellar artery (PICA) (arrow) at the root entry zone. Another small offender vessel (arrowhead) was found using the mirror view, which was consistent with the fused image.
(46.7%) showed a concordant positive prediction result between both images (Table 1) . Interestingly, the fused images revealed a secondary possible candidate offender other than main (predicted) offending vessel. Five cases were predicted to have another possible offender using the fusion technique (Table 2) . Furthermore, the offenders in 4 cases were only predicted with fused MR images, and were not detected in conventional images (Table 1 ).
Illustrative Case
A 42-year-old man was admitted for right HFS. PICA was the only noticeable vessel contacting the facial nerve in the pre-operative conventional MR image. However, after performing MVD of the expected artery, lateral spread response (LSR) persisted in intra-operative neuromonitoring. As a result of further exploration, a small hidden offender vessel was found using a mirror view. The LSR disappeared after decompressing the small vessel (Fig. 2) . Image fusion was performed post-operatively, and the small offending vessel seen during the intra-operative microscopic view was visualized in the fused image. Representative images and intra-operative views for neurovascular compression are shown (Fig. 3) .
DISCUSSION
Diagnostic imaging modalities for many neurosurgical conditions have been rapidly developing for decades. Several imaging methods have been used to identify areas of vascular compression, and MR tomography has emerged as the diagnostic tool of choice for this syndrome. Although MR imaging may be adequate for visualizing the cranial nerve and proximal vessels, it provides a somewhat crude estimate of the exact point of contact.
Lately, there have been a growing number of reports poin-ting out the accuracy of high-resolution MR imaging in predicting compression on the trigeminal or facial nerve root 3, 4, 10, 12) . Optimal imaging includes 3D CISS MR imaging and 3D TOF MRA, or its equivalent [1] [2] [3] [7] [8] [9] 11, 12) . The 3D CISS and 3D TOF MR images are complementary. The 3D CISS images clearly delineate structures (i.e., nerves or vessels) in the CSF space. How-ever, it is difficult to distinguish nerves from vessels according to signal intensity. In contrast, 3D TOF images show only vessels as high-signal-intensity areas in the CSF space, so the images are not adequate for displaying nerves. Therefore, combining these techniques complements the limitations of the other, and in many ways, capitalizes on the advantages of each. Especially, both the vessels and cranial nerves are visualized with superior clarity, and the location of contact between the vessel wall and the nerve can be more accurately pinpointed.
To fuse 3D TOF and 3D CISS images, OsiriX MD imaging software was used. OsiriX MD imaging software is capable of providing navigation and visualization of multimodal and multidimensional images. The interface is intuitive and interactive, and the reconstruction and fusion tools are fast and accurate. This system has proven very useful for image manipulation because it does not require a dedicated workstation. The images can be immediately processed and fused by the surgeon in a clinical environment or even in the operation room. The reason for modifying 3D TOF images by the software is that the original 3D TOF image does not have enough signal intensity to reveal small embedded vessels. However, there are possible drawbacks for this processing. In 3D TOF images, slow flow or flow from a vessel parallel to the scan-plane, may become desaturated just like stationary tissue, resulting in signal loss from the vessel. Morevover, turbulent flow may result in signal loss from the vessel and it can make false negative results. Lastly, there can be artifacts such as ghosting or susceptibility artifacts making false positive results.
Because MVD is a functional operation, it is ideal for the neurosurgeon to perform the procedure based on objective findings. However, sometimes the diagnosis of neurovascular compression is made light of the patient's symptoms and clinical course. Decompressive procedures have thus been performed without radiological evidence. While the conventional technique may provide useful information, significant neuroradiological experience is required to interpret the images and to identify the neurovascular structures involved. An imagefusion technique is more likely to depict a causative vessel in patients suffering from TN or HFS compared to conventional MR imaging in these cases, and it can be helpful to less-experienced, young neurosurgeons.
Some previous authors with experience operating on many patients have reported that in some patients, no causative vessels could be shown intra-operatively 5, 6) . When a vascular structure is embedded in another solid structure, such as the brainstem, it is hardly visible in conventional MR images. This explains the findings for patients in whom no vascular compression was able to be defined. In our study, the illustrative case shows a similar situation. The small REZ artery embedded in the brainstem was not identifiable in the conventional image, but was identifiable after image fusion. Therefore, the use of the image-fusion technique might help in cases of conventional MR images with hidden vascular contacts.
To overcome prejudice, we matched each image using two different blind observers. The images were separately compared and cross-checked in a two-weeks interval. However, there still may exist observer bias in the interpretation. There were 2 cases that image-fusion techniques could not detect whereas the conventional imaging could detect. In one case, the offender was a vein, and the artery (PICA) in the other. The explanation for the undetected offenders is that sometimes in conventional MR imaging interpretation, we estimate the offender vessel by tracking the vessel route, not by exact contact in the REZ. However, by processing image-fusion technique, numerous small vessels in the REZ are exaggerated and it sometimes makes the observer difficult to define the offender vessel. The 3D TOF MRA has a weakness in that it cannot be used to visualize veins. We expect that further image-fusion studies using enhanced MR imaging will overcome this limitation. Our study was performed using a small number of patients, and has the structural limitation of being a retrospective study. A well-designed, prospective study is needed in the future.
CONCLUSION
An image-fusion technique can provide more visible information of possible offender vessels, and may play a valuable role in identifying critically embedded neurovascular structures for MVD surgery. This information can reassure surgeons and help them detect and localize additional offending vessels, even before a craniotomy. Therefore, the use of a pre-operative image-fusion technique might help in cases with hidden vascular contacts on conventional MR images.
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